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The contribution of bacteria to the corrosion mass loss and to pitting of mild steel was 
observed over 2.5 years using parallel streams of unpolluted natural (biotic) and nominally 
sterilized (abiotic) Pacific Ocean coastal seawater. As also observed by others, in artificial 
laboratory exposures, corrosion mass loss within the first few days of exposure was much 
greater in the biotic stream. However, after only about 10 days the difference in mass losses 
gradually reduced and were very similar up to about one year exposure. Thereafter the 
corrosion loss in the biotic stream again became more severe. Pitting corrosion in the biotic 
stream was more severe from very first exposure throughout the 2.5 years. Corrosion in both 
seawater streams exhibited three distinct but transient time-dependent phases. Of these only 
the first and third obviously involve bacteria. Similar longer-term observations in real 
seawaters have not been described previously but are generally consistent with some long-
term field data. The results show that longer-term corrosion behaviour and possible microbial 
influences cannot be predicted from short-term laboratory observations, even if natural 
seawater is used.   
 
 
 
Corrosion of structural steels and iron in marine environments presents a serious economic 
problem. Some 30% of economic activity is estimated as wasted in metal corrosion. Of that, around 
10% has been attributed to microbial activities1. Conventionally corrosion of steel is recognized as 
an abiotic electrochemical process but numerous studies have implicated bacteria in the biofilm as 
causing high levels of corrosion and in particular deep pits very soon after first exposure2,3. 
Supporting evidence originates mainly in controlled short-term laboratory exposures using artificial 
waters in small reaction cells4 and from inferences from field observations, the latter mainly in 
polluted seawaters5,6. The well-known sulfate reducing bacteria (SRB) have been widely implicated 
but a variety of others also may be involved7,8,9. Recently it was proposed that the effect of bacterial 
activity in the biofilm is transient10 since it is known that after a short period of time the corrosion 
process becomes rate-controlled first by oxygen diffusion concentration control and later by oxygen 
diffusion through the rust layers. There is also increasing empirical evidence from field studies that 
after some considerable time of exposure bacterial activity may occur in the rust layers11,12 but the 
degree to which this contributes to corrosion as distinct from abiotic electrochemical processes has 
not been elucidated.  
 
Abiotic electrochemical corrosion of steel involves iron dissolution to ferrous ions (Fe ⇒ Fe2+ + 2e-
) and in principle there can be a number of potential electron donors. Oxygen is the most obvious 
for wet aerobic environments, producing oxi-hydroxide rusts Fe(OH)2, FeOOH, and hydrated 
magnetite Fe3O4.xH2O. In each case, after a short period of time, the reaction is rate-controlled by 
the rate of oxygen reduction at cathodic zones on the metal surface and, in turn, this is governed by 
the rate of diffusion of oxygen, initially from the dissolved oxygen in the adjacent water and later 
by oxygen diffusion through the rust layers.  
 
The gradual build-up of rust layers progressively retards the diffusion of oxygen from the external 
environment and thus the cathodic oxidation reaction and the corrosion rate. However, after this 
decline, most long-term field tests show an eventual up-surge in corrosion rate5,13,14. This has been 
associated in part with the activity of SRB (and associated bacterial consortia) that develop within 
new localized anoxic niches within the rust layers immediately adjacent to the metal surface5,10. 
This is consistent with bacterial metabolitic products such as FeS found in older rusts15,16,17. Local 
anoxic environments also permit the dissolution of water to H+ and OH- ions and, provided enthalpy 
considerations are met, the H+ can combine to produce H2 (gaseous). The rate-limiting step is the 
formation of gaseous hydrogen18 from H+ or the rate of diffusion of H2 from the metal surface 
through the rusts to the external environment. The upsurge in corrosion activity has been observed 
repeatedly in field data trends5,13,14 but has not been reported under experimental conditions. The 
extent to which it is attributable to bacterial activity has remained unclear.   
 
To examine the influence of bacterial activity on corrosion in natural seawater we established a 
long-term (2.5 year) experiment that compared the corrosion of steel in natural seawater with that in 
filtered and sterilized seawater (Supplementary Paper 1). Highly polished, uniformly flat laser cut 
mild steel coupons (C 0.08, Mn 0.21, S 0.017, Ni 0.03, Al 0.059, Cu 0.03, Sn 0.02, others < 0.01, 
bal Fe) (nominally 25 x 25 x 1.5 mm) were exposed to two separate streams of seawater. One 
stream was natural (Pacific Ocean coastal) seawater and the other was identical except that the 
seawater was filtered successively down to 1 micron and then treated continuously with UV 
radiation right through to within the exposure chamber. Sufficiently high UV radiation destroys all 
living materials, including bacteria, although it is known that some shielded microbes can survive in 
small numbers. Periodic monitoring throughout the experiment and separate independent testing 
verified that the abiotic stream produced no reaction with standard tests for bacteria known to be 
involved in steel corrosion (Supplementary Paper 2). It is acknowledged that a small proportion of 
bacteria do not react with such tests17 so it is possible that the ‘sterile’ stream was not absolutely 
sterile. The coupons were recovered after various periods of exposure (1, 4, 7, 50, 100, 190, 280, 
365, 534, 726 and 943 days), immediately sampled for bacteria and rusts and then cleaned, weighed 
and pit depths measured using an optical microscope. Mass losses for the short periods of exposure 
were very small, and this caused uncertainty in mass differentials, estimated as shown in Figure 1. 
Despite this uncertainty, there is a clear differential in trends.  
 
Figure 1  
 
Consistent with findings by others4,8,17, after one day of exposure the steel exposed to natural 
(biotic) seawater showed much higher corrosion mass loss. In addition, it also showed a somewhat 
greater pit density compared with its counterpart exposed to sterilized seawater (Figure 2). In both 
cases the depth of the predominant pits was remarkably uniform, in the range 20-35 microns. After 
4 days the mass loss in the biotic stream had increased little but pitting appeared to be more 
concentrated in fewer locations and therefore appeared as more severe. In the abiotic stream mass 
loss had increased, as had pit size, but pit depth had increased only marginally. After 7 days 
exposure the total mass loss was similar for both streams. For the biotic stream pits had become 
bigger in size and more localized (Figure 3) compared with the more widely distributed and more 
even pit depth in the abiotic seawater. A generally similar differential in pitting severity was 
observed throughout the remaining 2.5 years of the experiment (Supplementary Paper 1). Figure 4 
shows an example. For the longer exposures, pitting was observed as sometimes showing plateaus 
and valleys, generally similar to that reported earlier for mild steel in seawater19. Given the nature of 
the experiment with the same simultaneous source of seawater in both streams, a high degree of 
filtration and the verification that the UV-treated stream was sterile, it is reasonable to conclude that 
the observed differences in mass loss and in severity of pitting are attributable to the influence of 
bacteria on the corrosion process.   
 
Figure 2   
 
Figure 3    
 
Figure 4   
 
Figure 5 shows the trends in mass loss over the 2.5 year experimental period. Evidently, the rate of 
corrosion increased after about one year but more so for the biotic stream. The scatter in the biotic 
observations has been attributed to a degree of randomness in bacterial colonization, in bacterial 
activity and in nutrient availability20. It has been observed also in field observations and is 
consistent with the inference that bacteria (such as SRB) are involved in the longer-term marine 
corrosion of steel5,21,22. The mechanisms involved remain to be elucidated but it has been proposed 
that when anoxic conditions develop within the rust layer anaerobic bacterial activity (such as that 
of the SRB) can occur there10. This proposition has in-situ experimental support11.     
 
Figure 5    
 
Figure 5 also shows that the corrosion loss trends for the biotic and for the abiotic seawater are 
topologically similar. Despite the scatter in the biotic stream data, both trends are predominantly bi-
modal. Figure 1 shows that both trends also have, at a much smaller scale, an additional mode of 
short duration. It follows that in both cases the overall trends are actually tri-modal. Since this 
characteristic occurs for corrosion both in biotic and in abiotic seawaters, it cannot be the direct 
result of bacterial activity. It must be the result of changes in the corrosion process itself.    
 
As known, soon after initiation, the corrosion of steel in (abiotic) wet conditions is governed by the 
rate of oxygen diffusion from the surrounding waters causing the cathodic reaction to be under 
concentration control. This involves polarization of the reaction with time10. For biotic waters there 
may be an additional early corrosion effect resulting from biofilm formation and the establishment 
of bacterial communities within the biofilm23. Within a short period of time, however, the rate of 
corrosion becomes governed by oxygen diffusion through the rust layers and thus oxygen 
polarization is governed by the reduced diffusivity of the rust layers as they build up24,25. In time 
these can be expected to lead to localized anoxic conditions at the corroding metal surface where 
anaerobic bacterial activity may occur5,10. However, the localized conditions also can permit 
corrosion under hydrogen reduction conditions. The dissolution of water allows H+ ions to act as 
electron acceptors, producing H2 gas, provided entropy conditions can be met, at least at the local 
level. With this proviso, the initial corrosion rate limiting mechanism will be the outward diffusion 
of H2 provided other potentially rate-limiting mechanisms such as the inward diffusion of water and 
the outward release of corrosion products are not critical.   
 
The changeover from oxygen as the electron acceptor to hydrogen reduction immediately explains 
the considerable increase in corrosion rate during the transition from the oxygen diffusion 
controlled corrosion to the hydrogen diffusion controlled corrosion since the size of the hydrogen 
molecule is much smaller than the oxygen molecule and therefore will diffuse at a proportionally 
greater rate, assuming the thickness and presumably the diffusion properties of the then existing 
rust layers remain the same. While hydrogen reduction has been noted as the most likely 
mechanism for extended period corrosion under anoxic conditions26, its evolution from the earlier 
oxygen-diffusion controlled mechanism has not been proposed previously.  
 
The sharp increase in corrosion rate resulting from the change-over to the hydrogen reduction 
reaction can be seen, in Figure 5, at about one year exposure. Thereafter it quickly polarizes, 
presumably because the water required in the hydrogen reduction reaction is consumed locally and 
this results in an inward H2O diffusion gradient. Because the water molecule size is much greater 
than that of H2 it is likely that the inward diffusion of H2O then becomes corrosion-rate controlling. 
The predominant corrosion product Fe3O4 generated at the corrosion interface by the hydrogen 
reduction reaction pushes the rust layers further out and does not control the rate of the reaction. 
The net result is that as the corrosion products continue to build-up they polarize the rate controlling 
process from the initial high rate (outward) hydrogen diffusion to the slower (inward) H2O 
diffusion, which in turn is also polarized. Together, these changes produce the gradual reduction in 
corrosion trend seen in Figure 5 after about one year exposure. It corresponds with what has been 
observed for many cases of long-term corrosion loss and for maximum pitting trend curves obtained 
from field data.  
 
The rust observed on the coupons included the usual range of marine corrosion products including 
magnetite and lepidocrocite 27 (Supplementary Material 1). The volume of corrosion product for the 
biotic stream was substantially greater than that for the abiotic stream despite, as noted, the mass 
losses being closely similar for both seawater streams (Figure 5). This means that the very different 
rust volumes could not be the direct result of the corrosion processes. One possibility is that the 
biotic conditions led to greater production of the voluminous lepidocrocite instead of the darker, 
more compact magnetite. This is consistent with the observations of tubercles formed on the 
coupons in the biotic stream but none for the entire 2.5 year period on the coupons exposed to the 
sterile seawater. Tubercles usually are associated with microbiological activity 17. A complementary 
possibility is that the rust volumes are, in part, the outcome of 'corrosion influenced microbiology' 
(CIM)28 in which the ferrous ions liberated in the dissolution of metallic iron are not immediately 
oxidized at the cathode but are left in solution, thereby stimulating local microbiological activity 
within and exterior to the usual (porous) rust layers. This is consistent with iron being an essential 
and usually metabolism-limiting nutrient in seawater. The exterior rusts were observed to be 
structurally very weak and this would allow them to be easily removed in practical exposure 
conditions, including under minor water velocity conditions. One direct implication is that the 
voluminous corrosion products often seen in deep-sea, almost anoxic, corrosion environments are 
likely to be the result of CIM and not, as has been claimed, primarily the result of corrosion 
mediated by the metabolism of SRB.      
 
The present results are considered to have more direct scientific value than previous results, as these 
invariably were obtained in artificial exposure experiments using bacterial cultures and nutrient 
doping, predominantly in closed containers. Flow-through of nutrient-laden media29 also cannot 
mimic realistic conditions, even though such tests have provided valuable insight about the 
involvement of biofilms and bacteria. Perhaps because of these limitations, the transient nature of 
the short- and the longer-term corrosion processes (Figures 1 and 5) has not been reported 
previously. Similarly, while more severe pitting has been reported in laboratory studies with steel 
under seawater bacterial exposure, the changing surface topography with time compared to that in a 
sterile environment also has not been shown previously. The present observations have allowed the 
influence of bacteria on the corrosion process to be separated from the purely electrochemical. The 
present results also show that for unpolluted natural seawaters the microbiological influence is of 
less importance than often ascribed to it.  
 
An important practical finding is that longer-term corrosion behaviour and the possible influence of 
microbiology cannot be predicted directly from short-term, particularly laboratory, observations, 
even those using natural seawater. Another is that a single mathematical function such as the 
commonly-applied power law9, based, semi-empirically, on a single governing corrosion 
mechanism, is not appropriate for long-term extrapolation and prediction. Such prediction must 
allow for the transient phases described above.    
 
Methods  
 
The test rig used has been described (Supplementary Paper 1). Immersion exposure of coupons, 
after unique labelling and initial weighing to 0.1 mg, followed conventional techniques30. 
Subsequent to the required period of exposure, one coupon was recovered from each seawater 
exposure stream and transported in the same seawater to the laboratory (one hour) and immediately 
sampled for rusts and bacteria and then cleaned using standard electrochemical techniques. The 
coupons were then weighed to 0.1 mg and examined using SEM and optical microscopy. Bacterial 
analysis used standard BART culture tests kits (Supplementary Paper 2). The temperature of the 
seawater in each stream was monitored for an extended period (one year). That for the abiotic 
stream was, on average, 1.8oC higher than for the biotic stream. This was ascribed to the slight 
heating effect of the UV tubes. The reported corrosion losses have been corrected using previous 
results for the effect of water temperature on carbon steels12. The effect is significant only for 
longer-term exposures and has been allowed for in Figure 5.     
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Figure 1 Corrosion loss data (obtained from mass loss) and corrosion trends for the 
first few days of exposure in natural and in filtered and sterilized seawater showing also 
ranges of uncertainty in estimated corrosion losses.  
 
  
 
   
 
Figure 2 Half coupon surfaces after one day exposure in (top) sterile seawater and 
(lower) natural seawater. Both photos have been given enhanced sharpness.  
 
 
  
 
    
 
Figure 3 Half coupon surfaces after 7 days exposure in (top) sterile seawater and 
(lower) natural seawater. Both photos have been given enhanced sharpness.     
 
  
 
 
 
 
Figure 4 Half coupon surfaces after 365 days exposure in (top) sterile seawater and 
(lower) natural seawater.   
 
  
Figure 5. Data and best-fit trends for the mass loss of corroded steel coupons exposed to 
natural seawater and the same seawater filtered down to 10 microns and sterilised by UV 
radiation, and corrected for an approximately 2 °C temperature difference.  
 
 
 
